matrices.
As a gaseous sample introduction technique, hydride generation in combination with various atomic spectrometric techniques has been proven to be an effective approach for lead determination. 1, [19] [20] [21] However, for wine samples' analysis, ethanol matrix markedly suppresses the efficiency of lead hydride generation, 22 which calls for the development of simple on-line preconcentration and separation procedures. To date, such work dealing with the combination of flow injection/sequential injection on-line preconcentration and separation with hydride generation atomic fluorescence spectrometry (HG-AFS) is rare, 2 due to the narrow range of acidity required for the generation of lead hydride. The aim of this work was to enhance the detection ability of HG-AFS for the determination of ultra-trace lead in water, wine, and rice. For this purpose, a simple and sensitive flow-injection on-line precipitation preconcentration in a knotted reactor coupled to HG-AFS was therefore developed with a view to diminish or eliminate matrix interference.
Experimental

Reagents
All chemicals were of analytical grade (Shanghai Chemicals Co., China), unless otherwise stated. Doubly deionized water was used. Working standard solutions of lead were prepared by appropriate stepwise dilution of a 1000 mg l -1 stock standard solution (National Research Center for Standard Materials (NRCSM), Beijing, China) just before use, and the pH values of the solutions were adjusted to 3.0 with diluted HNO3. The buffer solution was prepared with 0.2 mol l -1 NH4Cl, adjusted to an appropriate pH by the addition of 0.2 mol l -1 NH3·H2O. A 1.5% (m/v) KBH4 solution containing 1.0% (m/v) K3Fe(CN)6 was prepared freshly by dissolving KBH4 and K3Fe(CN)6 in a 0.2% (m/v) NaOH solution.
Apparatus
A Model AF-610A non-dispersive atomic-fluorescence spectrometer (Beijing Rayleigh Analytical Instrument Co., Beijing, China) was coupled to a Model FIA-3100 flowinjection system (Vital Instrumentals Co. Ltd., Beijing, China). A detailed description of the instrumentation can be found elsewhere.
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A high-intensity lead hollow-cathode lamp (Beijing Tian-gong Analytical Instrumental Factory, Beijing, China) was used as the radiation source at 283.3 nm. The operating parameters of the AFS instrument are given in Table 1 .
Sample pretreatment
One tap-water sample was collected locally (Nanjing, China). One drinking water and one mineral water samples were obtained from commercial sources.
Immediately after sampling, all water samples were filtered through 0.45 μm filters, followed by a pH adjustment to 3.0 with diluted HNO3.
Rice samples were taken from four commercial brands sold in the city of Nanjing. Around 0.5 g of powdered sample was accurately weighed into a PTFE microwave digestion vessel containing 2 ml of concentrated HNO3 and 1 ml of 30% H2O2. 24 Once sealed, the vessels were placed in the microwave chamber of a closed microwave digester (Shanghai, China). The digestion program runs through the following pressure program: 3 min at 0.5 MPa, 1.0 MPa, and 1.5 MPa. After cooling, clear digests were transferred into a 50-ml calibrated flask followed by pH adjustment to 3.0 with 10 mol l -1 NaOH just before analysis.
Three kinds of red wines and one beer were obtained from a supermarket. For a total Pb analysis, 2 ml of a wine sample was transferred to a PTFE microwave digestion vessel containing 2 ml of concentrated HNO3 and 1 ml of 30% H2O2. The following procedure was exactly the same as described above for rice.
Certified reference materials, GBW08607 (simulated natural water), GBW08608 (simulated natural water) and GBW08502 (rice flour), all obtained from NRCSM, were used to validate the proposed method. Simulated natural-water samples were properly diluted, followed by pH adjustment to 3.0; the rice flour sample was digested as described above.
Procedure
The manifold of the FI on-line KR precipitation preconcentration coupled with HG-AFS ( Fig. 1 ) is a variation of the previously reported manifold. 23 The procedure is briefly summarized: (a) the sample and the buffer solution were pumped to prefill the tubing before entering the KR; (b) the sample and the buffer solution were passed through the KR where the precipitate of Pb(OH)2 was produced on-line and collected quantitatively; (c) an air segment was introduced into KR to remove residual reagents and matrix, while the KBH4 solution and the HCl solution were propelled to be mixed into a gas-liquid separator to define the baseline signal; (d) a 0.2 mol l -1 HCl solution was pumped to dissolve the collected analyte precipitate and merge with the KBH4 solution for detection by HG-AFS.
Method development
With the acidity of the standard lead solution kept at pH 3.0, the optimal values of FI variables, including the flow rates, loading time, KR length and KR washing, were established in a preliminary optimization. The influence of the sample flow rate on the signal intensity was studied from 1.2 to 9.6 ml min -1 . The signal intensity of Pb increased almost linearly with increasing sample flow rate up to 7.8 ml min -1 . Above this level, because the curve gradually leveled off, sample flow rate of 7.8 ml min -1 was selected. A buffer flow of 1.2 ml min -1 was used, since the flow rate could be varied between 1.0 and 4.0 ml min -1 without affecting the sensitivity of the determination. The flow rate of the eluent (HCl) and KBH4 was fixed at 10.7 and at 8.0 ml min -1 , respectively, as recommended by the instrumental manufacture. Studies on the effect of the sample loading time within the range of 30 to 150 s showed that the intensity signal of lead increased linearly up to a loading time of 120 s, and then 1110 ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 leveled off with further increases. A sample loading time of 90 s was fixed as a compromise between the sensitivity and the sample throughput. In this study, four KR lengths were tested (50, 100, 150 and 200 cm); the results showed that the signal intensity of Pb was linear up to 150 cm, and gradually leveled off from this length. Because longer KR lengths imply the generation of increased back-pressure, a KR length of 150 cm was used. In order to remove the residual matrix in the KR, air was tested as the washing medium, and the washing flow rate range studied was 1.0 -7.0 ml min -1 . A 10-s washing with air at a flow rate of 5.0 ml min -1 provided the best washing efficiency.
Results and Discussion
Establishment of a FI KR on-line preconcentration system coupled with HG-AFS pH of the buffer solution.
As shown in Fig. 2 , the signal intensity of the 1.0 μg l -1 lead was extremely low when using a buffer pH below 8.0, implying insufficient alkalinity for lead to produce a precipitate of lead hydroxide. The maximum signal was obtained within the pH range from 8.5 to 9.5, and further increased at pH values from 10.0 to 11.0, which resulted in a significant decrease of the signal intensity, because the lead hydroxide was dissolved in an excessive ammonia solution. Thus, the preconcentration of lead was carried out at buffer pH value of 8.9. Eluent concentration. Owing to the narrow range of acidity required for the generation of lead hydride, the choice of a compatible eluent in terms of the acidity is the key to the coupling of on-line preconcentration to HG-AFS. In our experiment, the optimal concentration of HCl was in the range of 0.12 -0.25 mol l -1 , which is compatible to the acidity required for the generation of lead hydride. Therefore, 0.2 mol l -1 HCl, which was sufficient for fast dissolution of the analyte precipitate, was employed throughout this work. Concentrations of KBH4 and K3Fe(CN)6. KBH4 was used as both a reductant and a hydrogen supplier, which was necessary to sustain the argon-hydrogen flame. As shown in Fig. 3 , a low concentrations of KBH4 (<0.5% m/v) could not effectively reduce the analyte to hydride, or not sustain the argon-hydrogen flame, while too high concentrations (>2.5% m/v) caused very high background signals, which yielded worse detection limits.
Therefore, a KBH4 concentration of 1.5% (m/v) was chosen. K3Fe(CN)6 was added to the KBH4 solution so as to increase the yield of the volatile hydride. Figure 3 also shows that a K3Fe(CN)6 concentration of 1.0% (m/v) was the optimal value.
Method performance
For a 90-s preconcentration time, the sampling throughput was 30 h -1 and the enhancement factor was 16 for a sample consumption of 11.7 ml. The precision (RSD) of 11 replicate measurements of 1.0 μg l -1 Pb was 3.4%. A calibration line was found for a fluorescence intensity of I = 4.73 + 348.4C (C, in μg l -1 ), with r = 0.9993. The detection limit was found to be 16 ng l -1 with the linear range of method between 0.05 and 10 μg l -1 . Compared with some reported methods for atomic spectrometric determination of lead in foods and drinks, the sensitivity of the proposed system is not only greatly improved with respect to those of conventional HG-AAS, 22 ,25 HG-ICP-OES 26 and ICP-MS, 27 but also superior to those preconcentration systems with FAAS, 4, 8, 10 ICP-AES 9 and ETAAS. 11 The effect of foreign substances Minimization of transition-metal interferences. The tolerance limits (mg l -1 ) of foreign ions or substances on the signal of a 1.0 μg l -1 Pb standard, defined as the interferent concentration varying the analyte signal by 10%, are presented as follows: Ca III and Mn II in the present work were greatly improved compared with other reported procedures. 28, 29 One reason for this improvement is attributed to the advantages of FI on-line operation, i.e., minimizing the contact time between the lead hydride and the interfering species. 19, 30 Another reason might be the use of NH3-NH4Cl as a precipitant, which would cause the analyte to be separated from the matrix, and would also mask some metal ions, such as Cu, Co, Zn and Ni, by forming the complexes. Elimination of the ethanol matrix effect. As shown in Fig. 4 , the hydride generation efficiency decreased markedly in a generation medium containing up to 5% ethanol in the conventional HG-AFS system, confirming the previous 1111 ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 observation obtained by HG-AAS. 21 The ethanol interference was attributed to variations in the pH and in the oxidationreduction potentials of substances present in the reaction medium. 31 However, in the present on-line preconcentration system, at least 40% ethanol could be tolerated without any significant effect on the Pb signal, thanks to separation of the matrix.
Analytical application
Three certified reference materials, GBW08607 (simulated natural water), GBW08608 (simulated natural water) and GBW08502 (rice flour), with lead contents of 1.02 ± 0.02 μg g -1 , 52 ± 2 ng g -1 and 0.75 ± 0.05 μg g -1 , respectively, were used to validate the method; the found values were 0.99 ± 0.04 μg g -1 , 54 ± 4 ng g -1 and 0.71 ± 0.06 μg g -1 , respectively. The close agreement demonstrates the accuracy of the proposed method.
The developed method was applied to lead determination in several types of water, wine and rice samples. The analytical results and spike recoveries are given in Table 2 . The recoveries of the spiked samples ranged from 94 to 107%, indicating no interferences from these real samples. 
